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Executive Summary 
 
In September 2006, a seven person Bacteria Total Maximum Daily Load (TMDL) Task Force was charged 
by the Texas Commission on Environmental Quality and Texas State Soil and Water Conservation Board 
to evaluate bacteria TMDL development and implementation in the state and develop a list of 
recommendations for improving this process. Specifically, this Task Force was changed with examining 
various approaches to develop and implement bacteria TMDLs, recommending economical and timely 
methods for developing TMDLs and TMDL Implementation Plans (I-Plans), evaluating models and 
bacteria source tracking (BST) methods available for developing TMDLs and I-Plans and making 
recommendation for their appropriate use, and with further developing a roadmap for further scientific 
research needed to reduce uncertainty about bacteria behavior under different water conditions in 
Texas. These charges and the guidance provided by this Task Force served as the impetus for developing 
the Fate and Transport of E. coli  in Rural Texas Landscapes and Streams project.  
 
Within the project, the main objectives are to identify, characterize, and quantify E. coli loads resulting 
from various sources in an impaired watershed; to monitor survival, growth, re-growth, and die-off of E. 
coli under different environmental conditions; to monitor re-suspension of E. coli in streams; and 
educate stakeholders by disseminating qualitative and quantitative information acquired in this 
monitoring and demonstration project. Information gleaned from this project will provide much needed 
knowledge relevant to modeling bacteria life cycles, their ability to survive and regenerate, and their 
impacts on water quality. A secondary objective of this project is to strengthen spatially explicit load 
allocation tools and validate and improve process-based pathogen transport models used in TMDL 
development and implementation by providing scientific data collected in this project. 
 
To accomplish these goals and objectives, project personnel conducted four primary tasks: 1) conduct 
sanitary surveys to identify potential E. coli contributing sources in the impaired watershed, 2) conduct 
demonstration experiments to characterize and quantify E. coli loads from identified sources, 3) monitor 
fate of E. coli under different environmental conditions, and 4) monitor concentration of E. coli in the 
instrumented stream. Collectively, these tasks yielded information enabling project staff to identify 
sources contributing E. coli to the selected watershed and stream, to characterize and quantify E. coli 
loads from identified sources, and to clarify E. coli fate and transport processes in the watershed. 
Dissemination of this information to watershed practitioners and stakeholders was also accomplished 
through the efforts of this project and is critical to the integration of this useful information into future 
watershed planning and TMDL development efforts across Texas.   
 
Ultimately, project outputs have decreased uncertainties in E. coli load estimation from various sources 
and improved the ability of modelers to simulate the fate and transport processes of E. coli in 
watersheds and streams. Collectively, these outcomes will aid in the development of scientifically sound 
TMDLs and TMDL I-Plans.  
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Introduction 
 
As of January 2006, 197 water bodies in Texas were considered impaired because they did not meet 
bacteria criteria established by the state to protect contact recreation (freshwater and saltwater) or 
oyster water uses. At the time, the freshwater contact recreation use criterion used to determine 
impairment includes both a geometric mean for indicator bacteria, Escherichia coli (E. coli), of 126 
colony forming units (CFUs) per 100 mL and a single sample maximum of 394 colonies per 100 mL. In 
2010, this standard changed to only include the geometric mean of 126 CFUs per 100 mL. Additionally, 
the number of bacteria impaired water bodies increased to 303 by 2010.  
 
In acknowledgement of increasing numbers of bacteria impairments across the state and the 
understanding that these issues need to be addressed with a decreasing amounts of resources, the 
Texas Commission on Environmental Quality (TCEQ) and the Texas State Soil and Water Conservation 
Board (TSSWCB) convened the Bacteria TMDL Task Force. This Task Force was asked to evaluate current 
TMDL development processes, address current weaknesses in the process, and to develop a roadmap 
for further scientific research needed to reduce uncertainty in watershed modeling. As a result of Task 
Force evaluations, a suite of recommendations for improving the State’s response to bacteria 
impairments were developed. Several of these recommendations included the need to “scientifically” 
address the current “uncertainties” in bacteria TMDL development and implementation (Jones et al. 
2009).  
 
Drawing on these recommendations, the Fate and Transport of E. coli in Rural Texas Landscapes and 
Streams project was developed and funded by the Texas State Soil and Water Conservation Board 
(Project 07-06). This project was designed to directly address the following recommendations:  
 
- identify and characterize potential E. coli sources in an impaired watershed 
- monitor fate and transport of E. coli from an impaired watershed and stream under varying 
environmental conditions.  
- characterize and quantify E. coli loads in identified sources 
- monitor E. coli concentration changes in response to runoff events and mechanical streambed 
disturbance 
Source Characterization 
As noted in the Bacteria TMDL Task Force Report, high levels of uncertainty often exist in the 
specification of bacteria source in fate and transport models which lead to further uncertainties 
associated with the load allocation process in developing a TMDL. This uncertainty starts with the 
inventory of potential sources of E. coli in a watershed and is amplified when pollutant loading 
estimations are made.  
Currently employed methods to identify potential E. coli sources in a watershed rely on survey 
information aggregated at a scale larger than the watershed to quantify these potential sources and 
typically focus on inputs from human, livestock, and to a limited extent, wildlife.  This information is 
often supplemented by local watershed stakeholders; however, inherent uncertainty in these numbers 
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still exists. Another common E. coli source identification method currently employed is Bacterial Source 
Tracking (BST).  
Each of these methods provides valuable information that can be used to attempt to identify E. coli 
sources, but they cannot quantify the respective loading from a specific source. Sanitary surveys fill this 
void by inventorying and identifying various potential E. coli sources in impaired watersheds. An added 
benefit to this approach is that it is simpler and less expensive than BST. Sanitary surveys also enable 
improved population estimates of potential E. coli contributors to be determined and allow E. coli 
contributions from each source to be quantified. This results in improved estimation for potential E. coli 
loading within the target watershed.  
Quantifying E. coli Loads 
E. coli load estimation tools such as the Spatially Explicit Load Enrichment Calculation Tool (SELECT) tool 
are used to estimate E. coli loads from various sources and typically rely on literature values for E. coli 
content of feces. Various numbers have been reported in literature for certain domestic and wildlife 
species and have been summarized in some reports used in TMDL development. However, this 
information has not been the focus of the reported research and therefore has not undergone extensive 
peer review. Consequently, there is a high level of uncertainty in identifying E. coli loads and sources for 
use in watershed modeling and E. coli load estimation tools.  
The deficiency with this approach is that E. coli concentrations are not ubiquitous within a species and 
can vary significantly depending on a variety of factors including diet, climate and even localized 
population variations. As such, using literature values for E. coli content quantified in other regions, 
states or nations further increases uncertainty in loading estimates. The ability to obtain watershed 
specific E. coli densities will greatly improve accuracy of E. coli loading estimates.  
Applying a sanitary survey to the target watershed makes this type of data collection possible and 
provides valuable insight into variation that is exhibited in species specific E. coli production. Combined, 
the accurate identification, characterization, and quantification of E. coli sources in the impaired 
watershed allow for improvements in the predictions of SELECT and other E. coli load estimation tools.  
Bacteria Fate and Transport 
The Bacteria TMDL Task Force also emphasized the need for additional studies that focus on developing 
a better understanding of fecal bacteria fate and transport processes. Several aspects of bacteria fate 
and transport once bacteria are excreted from the host animal are poorly understood. These include 
fate and transport in rural and agricultural landscapes, re-growth of bacteria in the environment (soil 
and water) and re-suspension of bacteria in the water column from stream sediments.  
Fate and transport of E. coli in rural and agricultural landscapes is largely dependent on various 
environmental factors and management practices. Dominant environmental factors that affect E. coli 
transport in landscapes (e.g., source, soil type, temperature, rainfall, moisture content, nutrient status, 
etc.) and persistence, re-growth, and survival in landscapes need to be identified. Current knowledge of 
these processes is limited at best and contributes to significant uncertainties in the modeling of these 
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processes. Improvements in models require better data on kinetic parameters that describe the fate and 
transport of bacteria outside the host.  
Re-growth of E. coli in landscapes is also due to favorable environmental conditions (e.g., rainfall after 
dry weather conditions) and is another aspect of bacteria fate and transport that is not well understood. 
The influence of these environmental conditions can individually and collectively impact E. coli re-
growth and need to be evaluated. These impacts, once identified, will further refine kinetic parameters 
used in predictive modeling and will improve the representativeness of predicted bacteria loads.  
Re-suspension of E. coli in streams (e.g. scouring of stream bed sediments due to high flows) is another 
major fate process that directly influences E. coli numbers seen in stream. Unfortunately this process is 
not well studied or understood. The effect of rainfall and runoff on survival and growth of E. coli in 
streams and stream-bed sediments and subsequent re-suspension of E. coli in streams need to be 
quantified to properly assess the impairment of a stream. Parameters obtained from the stream-
monitoring study will be used to improve in-stream hydrodynamic processes modeled by fate and 
transport models.  
Identifying, characterizing, and quantifying E. coli loads resulting from various sources are critical tasks 
in TMDL development for any impaired watershed. Monitoring and assessing the fate and transport 
processes of E. coli in landscapes and streams and monitoring the effects of environmental factors on 
fate and transport processes are required to develop and validate watershed models that utilize 
process-based fate and transport subroutines.  
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Conducting sanitary surveys to identify potential E. coli contributing sources 
in the impaired watershed 
 
The first Bacteria TMDL Task Force recommendation that this project focuses on is conducting a sanitary 
survey of an impaired watershed. The Cedar Creek watershed in Brazos and Robertson Counties was 
chosen for this portion of the project. Cedar Creek was listed as impaired on the 2004 Texas 303(d) List 
for elevated levels of bacteria (E. coli) and does not support its contact recreation standard. The goal of 
the sanitary survey is to inventory and identify various potential E. coli sources that are contributing to 
the waterbody impairment.  
Materials and Methods 
To accomplish this goal, the role of livestock and wildlife in E. coli transmission in the Cedar Creek 
watershed was evaluated (Figure 1).  Brazos County is located in southeast Texas in the Post Oak 
Savannah ecotone.  Cedar Creek flows southeast for approximately 44 km through Robertson County 
and the northern part of Brazos County before emptying into the Navasota River on the eastern border 
of Brazos County.  The Navasota River ultimately merges with the Brazos River at the southern tip of the 
county.  Research was conducted on 2 private ranches (Property A, 518 ha; Property B, 660 ha) bisected 
by Cedar Creek.  Each ranch stocked cattle (Property A, 1 cow/10.36 ha; Property B, 1 cow/2.2 ha) on 
post oak savannah habitat of mixed upland and bottomland grasslands with scattered post oak 
woodlands located both in the upland and bottomland zones.  Both properties exhibited impacts from 
grazing, though Property B had shorter grasses and more impacted soils likely due to higher cattle 
stocking rate.  Each property had ample available water from Cedar Creek and numerous stock tanks 
located throughout the properties.  Property B had several active oil wells with associated truck traffic 
and habitat alteration. 
 
Sanitary surveys focused on documenting wildlife were carried out using motion activated, infrared 
triggered cameras (Non Typical, Inc., Park Falls, Wisconsin, USA) to determine densities of mammals 
present within the Cedar Creek floodplain (Trolle 2003, Acevedo et al. 2006).  On Property A, 30 grid-
based points were selected (1 camera/14.3 ha; cameras not allowed on Property B) to place motion 
operated infrared digital cameras for 25–50 consecutive days once during the winter, summer, and fall 
seasons (winter, 22 December–21 March; summer, 22 June–21 September; fall, 22 September–
December 21) for the 2 year study (Jacobson et al. 1997, Watts et al. 2008). Cameras were placed at 
observed wildlife trails or openings suitable for camera placement near each pre-determined grid point 
(Jeganathan et al. 2002, Claridge et al. 2004, Roberts et al. 2005, Trolle and Kéry 2005).  Each camera 
was fitted with a 1 gigabyte flash card capable of storing approximately 1,000 still images and short 
video clips of approximately 10 seconds.  To increase success of camera traps, 2 liters of apple and 
persimmon-scented gel was applied to substrate (e.g., thick branches, stumps) near the camera every 
5th day.  Animal densities were determined density using mark-resight methods (Karanth and Nichols 
1998, Jacobson et al. 1997, Main and Richardson 2002, Watts et al. 2008).  Meso-mammal densities, 
such as raccoons and opossums, were determined by analyzing trapping numbers in live-trap grids 
(Main and Richardson 2002).  A total of 42 traps were placed on each property using a grid-design. 
These traps were 81 cm x 25 cm x 30 cm sized for catching raccoons or feral cats (Tomahawk Live Trap, 
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Tomahawk, Wisconsin, USA) and were placed with 250-m spacing between traps. This density and 
spacing has been shown to adequately sample animals that are highly attracted to bait (e.g., raccoons, 
Virginia opossums).  Trapping locations were trapped for 12 consecutive days using the Tomahawk box 
traps baited with canned dog food, apples, bananas, and fish scent.  Densities were estimated using 
mark-recapture methodologies (Krebs 1999).  Captured animals were uniquely marked using non-toxic 
hair dye and released within 5–7 minutes.  Sex, age, species, and unique natural marks were recorded.  
All information was recorded in database and within a Geographical Information System (GIS). 
Additionally, attempts to trap nine-banded armadillos (Dasypus novemcinctus), eastern cottontails 
(Sylvilagus floridanus) and striped skunks (Mephitis mephitis) were made on both properties using trap 
arrays because each species is less attracted or only seasonally attracted to baits. Arrays were fabricated 
from 61-cm tall poultry netting and 61-cm long wooden stakes.  Each array had 8–12 double-door 
raccoon/rabbit traps (43 traps total for each property; 48 cm x 15 cm x 15 cm; Tomahawk Live Trap, 
Tomahawk, Wisconsin, USA) with variable array setups designed to take advantage of the local 
vegetative community and topography. 
 
 
  
Figure 1.  Location of Cedar Creek Watershed in central Texas 
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Cattle numbers in the watershed were estimated using readily available data. Initially, USDA National 
Agricultural Statistics Survey data were evaluated; however, these data are aggregated at the county 
level. Several animal feeding operations were included in these numbers thus skewing the estimated 
number of cattle upward as no confined animal feeding operations (dairy, feedlot, and poultry farms) 
were located in the watershed. As a result, USDA NRCS recommended animal stocking rates of 5 acres 
per animal unit (AU) were used to estimate the total number of cattle in the watershed. This approach 
was discussed with local resource professionals (NRCS District Conservationist, AgriLife County Extension 
Agent, property managers) and they concurred that the approach produced a reasonable estimate of 
cattle in the watershed. Other livestock such as donkeys, horses, goats, sheep and swine were found to 
be present in nominal quantities.  
 
Additionally, no wastewater treatment facilities are located in the watershed.  
 
Population Data Analysis  
Wildlife population estimates were developed using two methods. This approach was chosen as a 
matter of comparison.  First, Schnabel population density tests were conducted on all subject species 
(Schnabel 1938).  The Schnabel estimator is conservative and was the primary estimator for all species 
densities.  Second, capture-recapture data for meso-mammals and white-tailed deer were converted 
into encounter histories. Program MARK described by White and Burnham (1999), was utilized to 
develop abundance models.  An information-theoretic approach described by Burnham and Anderson 
(1998) was used to evaluate the null, behavioral, temporal, and requisite interaction models. Model-
averaged 95% confidence intervals for all plausible models (Burnham et al. 1987) were calculated.  The 
abundance estimates were compared to estimates reported in the literature and to the Schnabel 
estimates to ensure validity (Lopez et al. 2003).  Finally, in order to compare estimates against 
conservative numbers, minimum densities for all species based on minimum number known alive 
(MNKA) from capture histories were generated.   
 
Results 
Using the methods described, densities of animal sources identified through the sanitary survey of the 
watershed were estimated. Of the species identified, estimates were calculated for feral hogs, deer, 
raccoon, opossum and pastured cattle. Armadillo, cotton-tail rabbit and skunk were also identified, but 
insufficient data was collected to determine their density.  
 
White-tailed deer data (n = 1,025 total pictures) were gathered concurrently with feral hogs (n = 1,487 
total pictures). Grid-trapping was conducted on 2,328 traps-nights during the study (2008–2009) and 
array trapping totaled 1,680 trap-nights.  Although, insufficient numbers of naturally-marked feral hogs 
were found during any season to conduct model selection approaches; model approaches were 
successful for raccoons, Virginia opossums, and white-tailed deer.  For feral hogs, the sample area was 
effectively estimated thus allowing conservative density estimation to be made.  Schnabel estimators 
and MNKA were relied upon to calculate conservative population densities for all species (Table 3.1).  
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Schnabel estimates were comparable to model-selection techniques.  Negligible numbers of rabbits, 
armadillos, and skunks were captured using arrays. Insufficient data was available to calculate feral hog 
Schnabel estimates for Winter–Spring 2008–2009 and Summer 2009 and Virginia opossum estimates for 
Summer 2008.  Property A had higher densities of raccoons, but Virginia opossums were approximately 
equal (Table 3.1) on each property.    
 
Table 1. Compilation of density estimates for Property A and Property B, Brazos County, Texas 2008–
2009 
aDerived from minimum number known alive 
*White-tailed deer and feral hog trapping (physical and camera) were not allowed on Property B 
 
 
 
 
  
Property* Species Season Density (km2) CI-Low CI-High 
Minimum 
density 
(km2)a 
       
A Raccoon Summer 2008 88 74 108 49 
  Winter 2008 59 46 81 31 
  Summer 2009 38 33 45 33 
 Virginia 
Opossum 
Summer 2008 12 10 15 12 
 White-
tailed 
Deer 
Summer 2008 16 14 18 16 
  Winter 2008 21 16 29 14 
  Summer 2009a - - - 21 
 Feral Hog Summer 2008a - - - 8 
  Fall 2008a - - - 5 
  Winter-Spring 
2008/2009a 
- - - 5 
  Summer 2009a - - - 3 
       
B Raccoon Summer 2008 58 47 75 33 
  Winter 2008 34 29 42 27 
 Virginia 
Opossum 
Summer 2008 11 9 13 11 
  Winter 2008 4 3 7 4 
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Conducting demonstration experiments to characterize and quantify E. coli 
loads from identified sources 
 
To minimize the uncertainty of using literature values to estimate the E. coli content of feces, work 
conducted under this task focused on characterizing and quantifying E. coli loads resulting from various 
identified sources.  
 
Fecal sample collection from relevant and dominant identified sources  
Materials and Methods 
Feral hogs were trapped during Summer 2008 (9 traps) and Summer 2009 (6 traps) for 7 days and 6 days 
respectively using 3-panel corral-style traps on property A. Trapping feral hogs was not allowed on 
Property B at all and winter trapping was not allowed on Property A due to hunting season. Traps were 
checked daily and baited with soured corn as necessary during trapping.  Hogs were trapped and fecal 
samples were collected. Sampling on Property A was supplemented by accompanying hog hunters in 
watersheds near the Brazos River (April 2009). 
 
White-tailed deer were captured during Spring and Summer 2009 using drop nets (Lopez et al. 1998) on 
Property A. Deer trapping was not allowed on Property B and winter trapping was not allowed on 
Property A due to hunting season. Drop nets were pre-baited for 7–10 days prior to capture with apple-
scented corn. The sex, age and capture location of each animal were recorded using methods described 
by Lopez et al. (2003).  Fecal samples were collected directly from the anus of the immobilized deer.   
 
Fecal material of major contributing species was collected during the summer (2008 and 2009) and 
winter (2008) seasons (McCleery et al. 2005).  Upon animal release, all fecal material from the traps was 
collected.  Traps were cleaned thoroughly using bleach water and scrub brush and the trap was moved 
to a new location within a 5-m radius to prevent possible cross contamination of subsequent fecal 
samples (Rutala and Weber 2008).  Fresh samples directly from the source animal helped to reduce the 
risk of environmental contamination of the fecal samples.  
 
All collection and handling of fecal specimens was performed using protective gear (i.e., latex or nitrile 
gloves).  All feces collected were placed in sterile Whirl-Pak containers (Nasco, Fort Atkinson, Wisconsin, 
USA), were labeled with date of trapping, species information, trap number, tag number (in case of 
cattle), age and gender of the animal. Age of the animal was broadly categorized by observing the 
animal into two groups, namely adult and sub-adult. Fecal specimens were placed in an insulated cooler 
on ice immediately following collection and during transport to the Biological and Agricultural 
Engineering laboratory at Texas A&M University. 
 
Results 
In total, 362 individual fecal samples were collected from different species during the winter and 
summer of 2008 and 2009. These data are presented in Table 2 and 3, respectively. Despite this 
significant number of samples collected, a number of samples were not able to be analyzed due to 
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sample volume. Fecal samples from meso-mammal species were often too small to produce enough 
sample to process. 
 
 
Table 2. Fecal samples from different species collected during the winter 
Species Number of Samples Collected 
Cattle 20 
Feral hog 24 
Raccoon 135 
Opossum 73 
Skunk 0 
Deer 6 
Armadillo 2 
 
 
Table 3. Fecal samples from different species collected during the summer 
Species Number of Samples Collected 
Cattle 20 
Feral hog 24 
Raccoon 135 
Opossum 73 
Skunk 0 
Deer 6 
Armadillo 2 
 
 
 
Enumerate E. coli and extract E. coli isolates from fecal samples 
Materials and Methods 
All fecal samples were brought to the laboratory, kept frozen until analyzed. Using a method developed 
by Byappanahalli et al. (2003), fecal E. coli were extracted then enumerated using the USEPA 1603 
membrane filtration method (USEPA, 2006). All the samples were analyzed between 24 and 72 hours (h) 
after they were brought to the laboratory. Fecal samples were first thawed to room temperature. One g 
of sub-sample was taken from each fecal sample and added to 9.5 mL of sterile de-ionized water in a 
test tube. Then, the test tube was vortexed for two minutes to elutriate bacteria from the fecal sample. 
The suspension was serially diluted and filtered using Millipore® 0.45 μm membrane filters. A standard 
membrane-filtration method (EPA Method 1603) to enumerate E. coli in water was used to estimate E. 
coli concentrations. Through this method, vortexed aqueous solution was filtered through a membrane 
filter placed on a filter base using sterilized forceps to retain the bacteria and then direct count of E. coli 
was obtained based on the development of colonies that grew on the surface of the membrane filter 
placed on a selective nutrient medium (USEPA, 2002).   
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The nutrient medium for analyses was prepared by adding 45.6 g of dehydrated modified membrane-
Thermotolerant Escherichia coli (modified mTEC) agar powder (Becton-Dickinson, NJ) to 1 liter of de-
ionized water and then boiling the mixture for one minute. Modified mTEC agar is a selective and 
differential medium used for chromogenic detection of E. coli. The agar was autoclaved at 121°C for 15 
minutes, poured into 9 × 50 mm Petri plates, and allowed to solidify at room temperature. Petri plates 
with membranes were incubated in inverted position for 2 h at 35±0.5°C to resuscitate stressed cells. 
After 2 h of incubation, Petri plates were transferred into a Whirl-Pak® bag. The bag was sealed and 
incubated in a water bath at 44.5±0.2°C for 22 to 24 h. The Petri plates were removed from the water 
bath and the number of red/magenta colonies developed on the membrane were counted and 
recorded. Aseptic techniques were followed through the experiments and if any growth was observed 
on a control plate, that counting was rejected. Only the plates having colony counts between 30 and 300 
CFUs were used to report E. coli concentrations. These counts equated to CFUs per g of wet fecal 
material. The gravimetric moisture content of all fecal samples were determined simultaneously by 
drying one g of the wet sample at 100°C for 24 h. Moisture content was calculated on wet basis [(Wet 
weight of fecal sample – Dry weight of fecal sample) × 100 ÷ Wet weight of fecal sample]. 
 
Randomly selected isolates from each plate were streaked on Nutrient agar with, 4-methylumbelliferyl-
β-D-glucuronide (MUG), (Difco®) and placed inverted in an incubator at 35±0.5°C for 24 h.  MUG is a 
colorless substrate that is hydrolyzed by an enzyme present in E. coli, to a fluorescent product, 4-
methylumberlliferone.  E. coli was confirmed if the MUG plates fluoresced. Confirmed isolates were 
stored in labeled centrifuge tubes with 1 mL of Luria-Bertani (LB) broth (Difco®) and 10% glycerol in a 
20˚C freezer.   
 
Results 
E. coli concentrations from all species were reported in CFU per g of wet fecal material. Table 4 and 5 
present the fecal E. coli concentration of the species collected during winter and summer, respectively. 
All samples were analyzed under similar temperature conditions and collected independent of each 
other. Different species exhibited considerable variability in the concentration of E. coli in their feces. 
The E. coli concentrations from cattle feces were found to be the lowest of all the species analyzed. 
Cattle feces had the lowest E. coli concentration per g of wet sample while deer feces had the highest 
during winter (Table 4). In summer opossum fecal material had the highest E. coli concentration 
followed by deer feces (Table 5). It was observed that data for all the species were highly skewed with a 
number of outliers (Padia et al. 2012). A non-parametric analysis of all E. coli concentrations of all four 
species showed a significant difference among the E. coli concentrations of the four species (p < 0.05). E. 
coli concentrations from feces of different animals were different possibly due to variations in their 
respective diets. The omnivorous nature of armadillo, opossum, and raccoons could be attributed to 
higher E. coli counts than herbivorous cattle.  
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Table 4. E. coli concentration (CFU/gwet) in feces of different species collected during the winter 
Species Number of samples analyzed 
CFU/ g of wet fecal material 
Median Range 
Cattle 2 N/A 2.81×102 - 9.96×102 
Raccoon 35 5.91×104 8.95×103 - 1.27×107 
Opossum 15 6.55×103 9.78×101 - 2.39×105 
Skunk 4 7.83×103 5.01×102 - 7.62×104 
Deer 4 9.44×105 2.19×105 - 2.69×107 
 
 
Table 5.  E. coli concentration (CFU/gwet) in feces of different species collected during the summer 
Species Number of samples analyzed 
CFU/ g of wet fecal material 
Median Range 
Cattle 18 3.52×105 3.25×103 - 1.92×106 
Raccoon 54 9.59×106 9.93×103 - 3.16×109 
Opossum 61 1.45×107 1.00×104 - 2.78×109 
Hog 11 1.06×106 7.95×104 - 4.16×107 
Deer 6 4.30×105 4.60×104 - 1.28×106 
Armadillo 5 1.01×107 2.95×105 - 4.98×108 
 
 
Calculate seasonal E. coli loadings from all identified sources  
Materials and Methods 
To develop estimated E. coli loadings for the entire watershed, data collected must be scaled up to the 
watershed level. The Spatially Explicit Load Enrichment Calculation Tool (SELECT) model was utilized for 
this process. SELECT is an automated tool that considers the animal population density, E. coli load per 
animal per day, and suitable land use types for each animal species.  The SELECT analysis was conducted 
at a 30-meter by 30-meter spatial resolution and was completed for both summer and winter scenarios.    
 
For this assessment, an updated land use data set was provided by the Spatial Sciences Laboratory at 
Texas A&M University. This data was developed using National Agriculture Imagery Program (NAIP) 
images collected in 2005 paired with 2003 Landsat Satellite Imagery. The land use classification was 
verified using 2001 National Land Cover Dataset (NLCD) classifications and ground-truthed data. Land 
use classifications defined for the watershed include open water, roads, low intensity development, 
medium intensity development, high intensity development, barren land, mixed forest, riparian forest, 
rangeland, and cultivated land.   
 
Species densities (Tables 6 and 8) were calculated using the respective average winter and summer 
densities for both Property A and Property B for each species.  The cattle density was determined using 
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the Natural Resources Conservation Service (NRCS) cattle stocking rate for cattle on rangeland for the 
area.  The E. coli concentration was calculated using the summer and winter median E. coli 
concentrations respectively. The winter cattle estimate was the exception as the highest concentration 
in the range was used since there was no median concentration.  The E. coli load per animal unit per day 
(Tables 7 and 9) was calculated by multiplying the E. coli concentration by the animal’s daily fecal 
production and standardizing it to one animal unit (1,000 lbs of animal weight).  The daily fecal 
production was determined as one percent of the animal’s body weight.  Each source was distributed to 
suitable areas in the watershed for both seasons using the densities in Table 6 and 8. Then the density 
was multiplied by the E. coli load per animal.  Raccoons and opossums were applied to riparian and 
mixed forest areas within a 100 meter riparian buffer around the watershed hydrography.  Suitable 
areas for cattle were rangeland, riparian forest, and mixed forest.  Feral hogs were distributed around a 
100 meter riparian buffer within all land use types except urban areas. Deer were applied to areas with 
at least 20 acres of contiguous habitat within riparian and mixed forest lands.  After the potential E. coli 
loads were calculated, the results were aggregated at the sub-watershed level by the SELECT model to 
easily distinguish areas of concern.   
 
 
Table 6. Average animal density applied in SELECT of different species during the winter 
Species Density (animal/km2) 
Raccoon 46.5 
Opossum 4 
Deer 21 
Cattle 49.4 
 
 
 
Table 7. E. coli load (CFU/AU/day) applied in SELECT of different species during the winter 
Species E.coli Density (CFU/g) 
Fecal production 
(kg/AU/day) 
E.coli Load 
(CFU/AU/day) 
Cattle* 9.96E+02 18.14 1.81E+07 
Raccoon** 5.91E+04 0.11 6.50E+06 
Opossum** 6.55E+03 0.03 1.83E+05 
Deer** 9.44E+05 6.8 6.42E+09 
*high value is used 
**median value is used 
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Table 8. Average animal density applied in SELECT of different species during the summer 
Species Density (animal/km2) 
Raccoon 61.3 
Opossum 11.5 
Deer 16 
Feral Hog 5.5 
Cattle 49.4 
 
 
Table 9. E. coli load (CFU/AU/day) applied in SELECT of different species during the summer  
Species E.coli Density (CFU/g) 
Fecal production 
(kg/AU/day) 
E.coli Load 
(CFU/AU/day) 
Cattle 3.52E+05 18.14 6.39E+09 
Raccoon 9.59E+06 0.11 1.05E+09 
Opossum 1.45E+07 0.03 4.06E+08 
Feral Hog 1.06E+06 4.54 4.81E+09 
Deer 4.30E+05 6.8 2.93E+09 
 
Results: 
The SELECT model presents a total potential loading estimate for each species and aggregates it to 
subwatersheds within the larger watershed. This approach yields directly comparable results within an 
individual species and clearly illustrates what subwatershed(s) within the modeled watershed have the 
highest potential E. coli from the modeled species.  Comparisons between species can also be made, but 
the scale of potential E. coli loading estimates must be carefully considered as there is often several 
orders of magnitude difference between species.  
 
Figures 2 through 10 illustrate the total potential E. coli loads calculated for the watershed in the winter 
and summer using the respective animal densities and E. coli production rates of the modeled species 
during each respective season.  
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Figure 2. Daily potential E. coli load resulting from cattle during the winter 
 
 
Figure 3. Daily potential E. coli load resulting from deer during the winter 
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Figure 4. Daily potential E. coli load resulting from opossum during the winter 
 
Figure 5. Daily potential E. coli load resulting from raccoon during the winter 
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Figure 6. Daily potential E. coli load resulting from cattle during the summer 
 
Figure 7. Daily potential E. coli load resulting from deer during the summer 
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Figure 8. Daily potential E. coli load resulting from feral hog during the summer 
 
Figure 9. Daily potential E. coli load resulting from opossum during the summer 
 
 
 
24 
 
 
Figure 10. Daily potential E. coli load resulting from raccoon during the summer 
 
Discussion 
In summer, opossum fecal material had the highest median E. coli concentration of 1.45×107 CFU/gwet 
and cattle fecal material had the lowest median E. coli concentration of 3.52×105 CFU/gwet (Table 9).  
During winter (Table 4), the highest median E. coli concentration was from deer fecal material (9.44×105 
CFU/gwet) and the lowest median E. coli concentration was from opossum fecal material (6.55×103 
CFU/gwet).  Median E. coli concentrations from deer fecal samples collected in the summer and winter 
(Table 7) were not significantly different (p < 0.05).  However, median E. coli concentrations were 
significantly higher for both raccoon and opossum fecal samples collected during summer than winter (p 
< 0.05).   
 
In general E. coli concentrations in feces of different species varied and season (summer and winter) 
played a significant role in the variability as well. For more discussion on the effects of age and gender, 
please refer to the published manuscripts included in Appendix A and B.  
 
Interpretation of SELECT model results requires evaluating the scale of the model outputs as well as 
their distribution across the modeled watershed. When comparing model outputs within and between 
species, the graphic outputs often look identical or at least similar. Despite these similarities in color 
depicted, the estimated loading that is allocated to each color can be quite different. As a result, it is 
critical that the range of E. coli loads allocated to each color be evaluated for each output.  
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Additionally, E. coli loads are aggregated to the sub-watershed level. Both the size of the sub-watershed 
and the amount of suitable habitat area within the sub-watershed impacts the amount of potential E. 
coli load aggregated to a particular sub-watershed.  A larger sub-watershed generally has more suitable 
habitat area to aggregate within that sub-watershed and therefore, generally has more potential E. coli 
load to aggregate as compared to a smaller sub-watershed.   
 
Across all of the potential sources for both summer and winter months, the largest sub-watershed in the 
watershed has the highest potential load and the smallest sub-watersheds have the lowest potential 
load.  Since the sources were distributed on the same suitable areas regardless of season, the graphics 
look identical for the same source for both seasons with the only change being the actual amounts of 
potential E. coli load. This also applies to the similarities between the opossum and raccoon outputs 
because both sources were applied to the same suitable areas.   
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Monitoring fate of E. coli under different environmental conditions 
 
This portion of the project focused on identifying and improving knowledge of the influences that 
dominant environmental factors have on E. coli fate and transport. To evaluate these influences, a series 
of studies were carried out to quantify the survival and regrowth potential of E .coli isolated from each 
evaluated species.   
 
Survival of E. coli from different sources under varying environmental conditions 
Materials and Methods 
Study 1 
Ten g of fecal sample (cattle and raccoon) were mixed with 95 mL of sterilized water from Cedar Creek 
(autoclaved three times at 121°C for 15 minutes). The mixture was then divided into four equal volumes 
in sterilized bottles and stored at 0°C, 10°C, 25°C and 50°C. E. coli in water were enumerated after 1, 24, 
72, 120, and 168 h using EPA Method 1603. Enumerations were done in triplicate for each monitoring 
time and the median of the three E. coli enumerations was reported as CFU per 100 mL.  
 
Study 2 
Three E. coli isolates from fecal samples of two wildlife species (hog and deer) were enriched in 100 mL 
of Luria-Bertani (LB) broth at 35.5˚C for 24 h.  The enriched LB broth was diluted to 104 by adding 1 mL 
of LB broth into 100 mL sterile DI water. This mixture was stirred, then 1 mL was added to 100 mL of 
sterile DI water.  Finally, creek water microcosms were made with 1 mL of the 104 dilution of LB broth in 
100 mL of sterile Cedar Creek water (autoclaved three times at 121˚C for 15 minutes).  Microcosms were 
triplicated and incubated at different temperatures (10, 25, and 30˚C) for 30 h. At each sampling time, 
0.1 mL of each water microcosm was spread plated onto MacConkey agar (Difco) plate at six different 
sampling times.  Triplicate E. coli bacterial counts (CFU/mL) were recorded at six different time samples 
at each temperature (10, 25, and 30˚C).  
 
Study 3 
Isolates of the same fecal samples used in studies 1 and 2 were used to study the survival of E. coli at 
different moisture contents in soil. E. coli isolates were streaked on LB agar and allowed to grow for 24 h 
at 35°C. Of the colonies obtained after 24 h, one randomly selected colony was cultured in LB broth at 
35°C for 24 h. A sterilized bottle was filled with 30 g of sterilized (autoclaved three times at 121°C for 15 
minutes) soil from Cedar Creek and 1 mL of the inoculated broth was added to the soil in each bottle. To 
evaluate E. coli response to soil moisture, 0, 6, 15, and 22.5 mL of sterile DI water was added to the soil 
with inoculum to obtain 4%, 25%, 56.5% and 83% moisture contents, respectively. Soil samples were 
incubated at room temperature. E. coli in soil was enumerated after 1, 24, 72, 120, and 168 h. 
Enumerations at each sampling were done in triplicate and the median E. coli numbers was reported as 
CFU per g dry weight of soil.  Growth and die-off at above mentioned environmental conditions was 
monitored. Growth or decay rates were determined by plotting E. coli concentration with respect to 
time.  
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Results 
Generally, the results of E. coli analysis at different temperature and moisture conditions monitored 
over a 7 day period showed considerable variability in E. coli response and exhibited different trends in 
their fate.  Figures 11 through 14 illustrate median E. coli concentrations quantified per 100 mL of water 
or g of dry soil and demonstrate the observed differences in variability. The observed declines on any 
given day might be due to the depletion of nutrients over time and increased competition for nutrients 
within bacterial population. Observed re-growth could possibly have occurred due to the nutrition 
available from the organic matter of the dead bacterial cells. 
Effects of Temperature on E. coli Survival in Water 
The survival of E. coli from cattle and raccoon in water at different temperatures over a 7 day period 
showed highly variable E. coli counts (Figures 11 and 12). E. coli concentrations in cattle and raccoon 
fecal samples at the beginning of the experiments were determined after one hour. These background 
concentrations are presented for comparison with the bacterial concentrations from subsequent days.  
For both species maximum survival and growth of E. coli was observed at 20°C and no growth was seen 
at 50°C.  
 
At 0°C, there is a slight decrease in cattle E. coli growth after 24 h. The concentration increased after 72 
h and then decreased until the end of the incubation period (Figure 11). E. coli from raccoon feces at 0°C 
(Figure 12) showed a decrease after 24 h, increased at 72 h, decreased at 120 h, and increased again 
after 168 h.  
 
A gradual increase in the cattle E. coli concentration was observed at 10°C until the 120 h and then 
decline by one order of magnitude after 168 h (Figure 11).  Similar to the response at 0°C, E. coli from 
raccoon feces decreased after 24 h, increased at 72 h, decreased at 120 h, and increased again after 168 
h (Figure 12). 
 
At 20°C, the highest cattle general E. coli growth was observed. Similar to other temperatures, the 
concentration enumerated increased through the 72 h record, decreased at 120 h and again increased 
after 168 h (Figure 11). At 20°C, E. coli from raccoons showed a similar trend as cattle with the only 
difference being that the highest counts for this temperature were observed at 168 h as opposed to 72 h 
in cattle (Figure 11 and 12).  
 
The Kruskal-Wallis one way analysis of variance test was utilized to compare the differences between 
observed results. This non-parametric method is relevant and appropriate as it does not assume that 
data are normally distributed. Applying this test revealed no significant difference in cattle E. coli 
concentrations at 0° and 10°C (p > 0.05) for any given incubation temperature over the 7 day study 
period. At 20°C, E. coli concentrations were significantly different for different days (p < 0.05) (Figure 
11). The same test found that there was a significant difference in E. coli concentrations in raccoon feces 
(p < 0.05) among different days at all temperatures except at 0°C (p > 0.05) (Figure 12). Since no survival 
was observed at 50°C after 24 h, the results obtained for that temperature were excluded from 
statistical analysis.  
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The Kruskal-Wallis test for E. coli concentration obtained after 1 h from both species did not support the 
hypothesis that the concentrations were different from each other at different incubation temperatures 
(p > 0.05) (Figure 11 and 12). This result reinforced laboratory analysis as E. coli concentrations after 1 h 
were not expected to be different for different temperatures since they were background numbers. E. 
coli concentrations among temperatures were significantly different at all other analysis times. Results 
show that E. coli concentrations observed at 20°C were significantly higher at any time compared to the 
other incubation temperatures studied. For both the species studied, it was observed that at 50°C there 
was no survival of E. coli after 1 h.  
 
In this study, E. coli growth was measured at different temperature conditions using fecal material 
directly added to water. If E. coli isolates from the feces were used instead, different growth results 
might have been observed as seen in our second study with isolates. This may be due to the fact that E. 
coli would not have to compete with other bacteria in fecal material. Also, the organic matter 
availability, as food for bacteria, would have been different under such conditions.  
 
Effects of Soil Moisture on Survival of E. coli 
The growth and survival of E. coli under different soil moisture conditions for cattle and raccoon species 
showed a similar trend to each other. The maximum survival and growth was observed at 25% moisture 
content of the soil sample followed by 56.5% moisture content. E. coli are facultative anaerobes which 
was reaffirmed from the results obtained that the bacteria had the highest growth and survival at 25% 
moisture content, indicating that among all soil moisture contents selected for this experiment, soil at 
25% moisture content provided the most suitable conditions for their survival and growth.   
 
Under dry conditions (4%), bacteria did not die-off completely, but by 168 h their concentrations 
reduced considerably. Reduction of two orders of magnitude for cattle samples (Figure 13) and by one 
half for raccoon (Figure 14) samples were observed. At 56.5% soil moisture content, E. coli 
concentration in cattle showed a gradual increase until 120 h followed by a reduction at 168 h whereas 
raccoon E. coli concentration declined at 120 h and increased at 168 h. At 83% moisture content, E. coli 
from cattle (Figure 13) reduced after a gradual growth until 120 h whereas the E. coli concentrations in 
raccoon samples (Figure 14) continued to rise from 1 h to 168 h.  
 
Performing the Kruskal-Wallis test on E. coli numbers obtained in cattle feces at different moisture 
contents on different days yielded significantly (p < 0.05) differences among all samples. The 1 h old 
samples showed the background concentration of E. coli for each moisture condition. A statistical 
difference in concentration of E. coli between different days indicates significant growth or decline. It 
can be observed that in cattle the 25% moisture condition had the highest E. coli concentration on any 
given day followed by 56.5%, 83%, and 4% moisture contents. The E. coli concentration from raccoons 
samples (Figure 14) showed a similar trend as cattle at 4%, 25% and 83% moisture content (p < 0.05) but 
at 56.5% moisture condition there were no statistical differences in concentrations among different 
days.  
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The test statistics for growth and survival of E. coli from cattle and raccoons show that concentrations at 
all sampling times except 1 h (p > 0.05) were different at each moisture content (p < 0.05). 
Concentrations observed at 1 h were expected to be statistically similar at all moisture conditions since 
they represent background concentrations. Also, the difference in E. coli concentration at different 
moisture conditions between sampling times (p < 0.05) suggests growth or decline of E. coli after 1 h.  
 
The concentration of E. coli in this study did increase at 56.5% and 83% moisture but it was less than the 
concentration found at 25% at all sampling times. This study was conducted under room temperature 
conditions and the 25% soil moisture condition was likely to be the most favorable environment for 
bacteria to survive and grow at this temperature. Given the facultative anaerobic nature of these 
bacteria, it can be assumed that E. coli chose to be facultative at 25% soil moisture condition and room 
temperature as it provided optimum conditions for their survival and growth.  
 
It should be noted that E. coli survival and growth in the environment can be influenced by the 
interacting effects of moisture conditions and temperatures. Other important physical and chemical 
properties such as pH and nutrient availability affect the survival of microorganisms should be taken into 
account to study the growth and survival of bacteria. In this study, under different environmental 
conditions, the temperature and moisture studies were independent of each other. In future studies, 
interaction of different temperatures and moisture conditions should be considered to study the effect 
of environment on survival and growth of bacteria. While modeling the fate and transport of E. coli in 
the environment, these complex effects should be considered. 
 
 
Figure 11. Survival of E. coli from cattle feces in water at different temperatures 
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Figure 12. Survival of E. coli from raccoon feces in water at different temperatures 
 
 
 
 
Figure 13. Survival of E. coli from cattle feces in soil at different moisture contents 
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Figure 14. Survival of E. coli from raccoon feces in soil at different moisture contents 
 
 
Table 10. First order rate constant for E. coli concentration in cattle, raccoons, feral hog, and deer at 
different temperatures in water 
 kT (hr
-1) 
 Cattle Raccoon Feral Hog Deer 
0 °C -0.0025 -0.0073 * * 
10 °C 0.0151 0.0218 -0.0261 -0.0286 
20 °C 0.0425 0.0472 * * 
25 °C * * 0.0812 0.0985 
30 °C * * 0.109 0.198 
* Results produced from trials at these temperatures were invalidated due to fluctuations in 
temperature throughout the course of individual trials and across replicates 
 
 
 
 
 
 
 
 
 
 
3.
60
E+
06
 
3.
22
E+
07
 
2.
40
E+
07
 
2.
76
E+
07
 
8.
20
E+
03
 
3.
26
E+
08
 
6.
80
E+
08
 
7.
40
E+
07
 
3.
20
E+
03
 
1.
47
E+
09
 
6.
80
E+
08
 
1.
34
E+
08
 
5.
40
E+
02
 
1.
66
E+
09
 
5.
60
E+
08
 
1.
97
E+
08
 
1.
64
E+
03
 
1.
70
E+
09
 
7.
60
E+
08
 
5.
90
E+
08
 
1.00E+00
1.00E+01
1.00E+02
1.00E+03
1.00E+04
1.00E+05
1.00E+06
1.00E+07
1.00E+08
1.00E+09
1.00E+10
1.00E+11
1.00E+12
4% 25% 57% 83%
E.
 C
ol
i (
Lo
g 
CF
U
 /
 g
) 
Soil Moisture 
1 h 24 h 72 h 120 h 168 h
32 
 
Table 11. First order rate constant for E. coli concentration in cattle, raccoons, feral hog, and deer at 
different moisture conditions in soil 
 kMC (hr
-1) 
 Cattle Raccoon Feral Hog Deer 
4% -0.0237 -0.0385 -0.2016 -0.2539 
25% 0.0289 0.0207 -0.0065 -0.0187 
56.50% 0.0281 0.0162 0.0177 -0.0326 
83% 0.0182 0.0162 * * 
* Results produced from trials at these temperatures were invalidated due to fluctuations in moisture 
conditions throughout the course of individual trials and across replicates 
 
Discussion 
Cattle and raccoon E. coli isolates in water and soil 
The kinetic constants for cattle and raccoon E. coli at 20°C temperature (Table 10) and 25% moisture 
content were found to be quite similar to each other. It can be observed from kinetic constants that at 
0°C temperature and at 4% moisture content there is decay in the E. coli population or simply a decline 
in E. coli numbers over time. At all other temperatures (except 50°C) and moisture contents growth can 
be observed. In this study, a greater rate of decay was observed for E. coli in soil at 4% moisture content 
compared to soil at 25% or 57% moisture content (Table 11).  Based on the results from this study, E. 
coli concentration in dry soil with 4% moisture content decreased to half the initial concentration after 
approximately 3 – 4 h (Table 11).  This rapid decay of E. coli in dry soil was observed to continue until the 
E. coli concentrations reached zero. For both cattle and raccoon fecal samples, maximum survival and 
growth of E. coli was observed at 20°C and no growth was seen at 50°C.   
 
Hog and deer E. coli isolates in water and soil 
The kinetic constants for both feral hogs and deer were the lowest at 10˚C and the highest at 30˚C in 
water.  These constants were negative in water at 10˚C, indicating the k-value was a decay rate (Table 
10). With the exception of the feral hog isolates at 56% moisture condition, both isolates experienced 
decay at different moisture conditions in soil. 
 
From this study even though a conclusive optimum condition was not found, 30˚C was used in water and 
56% moisture in soil to grow both feral hog and deer isolates. 
 
 
Measure re-growth of E. coli in different sources under optimum conditions 
Based on the results of the fate of E. coli in water and soil under different moisture conditions, optimum 
conditions were chosen based on the highest growth response observed. For cattle and raccoons, this 
was 20˚C in water and 25% moisture in soil. E. coli isolated from feral hogs and deer responded 
differently and no conclusive optimum conditions were found. For the purpose of the re-growth 
evaluation, 30˚C in water and 56% moisture in soil were chosen as these levels illustrated the most 
consistent E. coli response.  
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While these conditions were chosen as optimum, it should be noted that other temperature and 
moisture conditions may also lead to “optimum” or very near optimum survival response from E. coli. 
Evaluations conducted were based largely on “optimum” conditions reported in peer reviewed 
literature. As a result, many temperature and moisture levels were not assessed and may have yielded 
improved E. coli response.   
Materials and Methods 
E. coli re-growth in water under optimum temperature 
E. coli isolates from hog and deer fecal samples were enriched in 100 mL of Luria-Bertani (LB) broth at 
35.5˚C for 24 h.  The enriched LB broth was diluted to 104 by adding 1 mL of LB broth into 100 mL sterile 
DI water, stirred, then 1 mL will be added to 100 mL of sterile DI water. Creek water microcosms were 
made with 1 mL of the 104 dilution of LB broth in 100 mL of sterile Cedar Creek water (autoclaved three 
times at 121˚C for 15 minutes). Microcosms were triplicated and kept in an incubator set at 30˚C 
(optimum temperature established). Over 60 h, triplicate 0.1 mL samples of each water microcosm were 
spread plated onto MacConkey agar (Difco) plate at six different sampling times and the median value of 
E. coli counts (CFU/mL) were recorded at each time sampling.  
 
E. coli isolates from fecal samples of cattle and raccoon were treated identically to those from feral hogs 
and deer with the exception of the incubation temperature. As determined in E. coli survival trials, the 
optimum temperature for these species was found to be 20˚C; therefore, these samples were incubated 
as described above, but at 20 ˚C. Feral hog and deer isolates were incubated at 30˚C.   
 
E. coli re-growth in soil under optimum moisture condition 
E. coli isolates from hog and deer fecal samples were enriched in 100 mL of Luria-Bertani (LB) broth at 
35.5˚C for 24 h.  A sterilized bottle was filled with 30 g of sterilized (autoclaved three times at 121°C for 
15 minutes) soil from Cedar Creek and 1 mL of the inoculated broth was added to the soil in each bottle. 
Then 6 mL of sterile DI water was added to the soil with inoculum to obtain 56% moisture content at the 
optimum temperature established by evaluating E. coli response to environmental conditions. Soil 
samples were incubated at room temperature. E. coli in soil were enumerated after 1, 24, 72, 120, and 
168 h. Enumerations were conducted in triplicate for each sampling time and the median E. coli 
numbers was reported as CFU per g dry weight of soil.   
 
E. coli isolates from fecal samples of cattle and raccoon were treated identically with the exception of 
the moisture content. Results from the survival trials indicated that 25% moisture content was optimum 
to support survival and regrowth. As such, these samples were maintained at this moisture content.  
 
Results 
Observations from these re-growth evaluations produced results that were quite different across the 
species and “optimum” conditions. Due to “optimum” condition variations across species, direct 
comparisons of re-growth potential cannot be made between E. coli from all species evaluated in water 
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and soil. One observation that can be made about all results is that the 1st order decay/growth rates 
observed are all relatively small with their absolute values ranging from 0.001 to 0.06 k(hr-1).  
 
Table 12. First order rate constant for E. coli isolated from cattle, raccoons, feral hog, and deer at 
optimum temperatures in water during re-growth experiments 
   kMC (hr
-1)  
 Cattle Raccoon Feral Hog Deer 
4% -0.0237 -0.0385 -0.2016 -0.2539 
25% 0.0289 0.0207 -0.0065 -0.0187 
56.50% 0.0281 0.0162 0.0177 -0.0326 
83% 0.0182 0.0162 * * 
* * Results produced from trials at these temperatures were invalidated due to fluctuations in moisture 
conditions throughout the course of individual trials and across replicates 
 
 
Table 13. First order rate constant for E. coli concentration in cattle, raccoons, feral hog, and deer at 
different moisture conditions in soil during re-growth experiments 
 kMC (hr
-1) 
 Cattle Raccoon Feral Hog Deer 
25% 0.032 -0.001 * * 
56% * * -0.0025 -0.004 
* Results produced from trials at these temperatures were invalidated due to fluctuations in moisture 
conditions throughout the course of individual trials and across replicates 
 
Discussion 
Re-growth of E. coli isolates in water under “optimum” temperature conditions 
In general, the kinetic constant for all isolates are much lower during re-growth studies compared to 
that of growth studies (Table 10 and Table 12). In re-growth studies raccoon isolates exhibited decay 
instead of growth under optimum temperature found by evaluating E. coli response to environmental 
conditions. It should be noted that in growth studies, cattle and raccoon feces were directly dropped in 
water and the microcosms were incubated under different temperatures. In re-growth studies however 
the isolates from cattle and raccoon feces were used. That might be a reason why different E. coli 
growth kinetics were observed during growth and re-growth studies. At the same, growth and re-growth 
kinetics were different for hog and deer isolates even though the same isolates were used in both the 
studies. This clearly shows the ubiquitous nature of E. coli and inconsistency in its environmental fate. 
 
Re-growth of E. coli isolates in soil under “optimum” moisture conditions 
In general, the kinetic constant for all isolates are much lower during re-growth studies compared to 
that of growth studies (Table 11 and Table 13) except for E. coli isolated from cattle feces. In re-growth 
studies all isolates except from cattle exhibited decay instead of growth under optimum temperature 
found by evaluating E. coli response to environmental conditions. These studies again show the 
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inconsistency in E. coli growth in soil. In general the results point out that after initial optimum growth 
conditions cease, E. coli growth does not reach the maximum even when optimum conditions are 
established later. This may be due to E. coli losing its viability after certain time in the environment. 
 
Monitoring concentration of E. coli in the instrumented stream as a result of 
rainfall and runoff events 
 
This effort was developed to evaluate the E. coli growth and survival response under different 
environmental conditions in streambed sediments. High E. coli numbers in stream are often associated 
with high turbidity water such as that seen during and following a storm flow event, or following a 
physical disturbance to the stream by human or animal activity in the creek. To accomplish this 
objective, in stream water samples were collected under base and storm flow conditions. Sediment 
samples from the stream bed were also collected immediately following each of these sampling events.  
 
Work under this analysis was conducted by the United States Department of Agriculture-Agricultural 
Research Service (USDA-ARS) on Resley Creek in Hamilton and Erath counties, Texas.  
 
Materials and Methods 
Water Sampling 
Water samples collected from the stream were gathered using grab and automated methods. Grab 
samples were collected under base flow conditions while automated sampling was utilized for storm 
flow samples.  
 
To collect storm samples, automated sampling equipment was employed as described in Harmel et al. 
2003. Briefly, this included installing ISCO 6712 automated samplers and programming them to collect 
samples when steam depth increased above 1.65 ft. This level was chosen based on prior knowledge of 
the stream and its base flow conditions. Once sampling commenced, it was continued until staff pulled 
the samples from the machine. Sampling was conducted to collect a flow-weighted composite sample 
into 8 – 2 liter sterile HDPE containers. When sampling began field staff were remotely notified by the 
sampling unit. Samples were retrieved and delivered to the lab with 22 h of initial collection to allow for 
processing within 24 h.  
 
Grab samples were collected in triplicate by field staff using methods described in TCEQ’s Surface Water 
Quality Monitoring Procedures, Volume 1 (2003 and 2008). In short, this includes collecting samples 
directly into sterile Whirl-Pak sample containers from the mid-point of the stream at one-third of the 
total stream depth (i.e. Sample collected at 1 ft. in a 3 ft. deep stream). Staff collected sample prior to 
and following mechanical stream disturbances. Samples collected prior to disturbance were upstream 
from the location they were standing and took care to ensure that sediment they disturbed when 
entering the stream had moved downstream.  
 
All samples were placed in a cooler on ice and kept a 4°C or less following labeling and during transport 
to the lab. Once in the lab, samples were processed and analyzed using USEPA Method 1603 for E. coli 
enumeration.  
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Sediment Sampling 
Following each water sampling event, sediment samples were collected from 24 randomly selected 
locations along a 10 meter reach of the instrumented stream and composited into one sediment 
sample. The top 2 cm of sediment were collected using a sediment corer. The composited sample was 
placed in a sterile 1 liter container and transported to the lab for analysis. Sample containers were 
labeled and transported in a separate cooler on ice at 4°C.  
 
Mechanical Stream Disturbance 
Mechanical stream disturbance was accomplished by simply agitating the stream sediment with a 
garden rake. Field staff entered the stream directly upstream of the person collecting water samples 
influenced by mechanical disturbance. Staff began raking the stream bed perpendicular to flow and 
moved upstream away from the person collecting water samples.  A 10 meter length of stream was 
disturbed while water samples were collected.  
 
Results 
The results of this study show that E. coli concentrations in storm samples were higher than in base flow 
samples. After sediment disturbance, the E. coli concentration in the water column significantly 
increased in all cases (Table 14). This clearly shows that stream bed sediments harbor E. coli for a long 
time. From this field study, it was determined that stream bed sediments represent a potential source of 
E. coli in stream water. E. coli concentrations in stream bed sediments were significantly higher than in 
water column under all conditions. These stream bed sediments have been overlooked while studying E. 
coli fate in the surface waters and should be thoroughly investigated.  
  
Table 14. E. coli concentration in stream water before and after disturbance and in stream bed 
sediments 
 
Sampling Date 7/28/2008 10/23/2009 1/18/2010 1/29/2010 2/5/2010 2/9/2010 3/9/2010 3/23/2010 3/26/2010 
Event Type 
(Base or Storm) B S B S S B S S S 
Water (CFU/100mL) Before Disturbance 
Replicate 1 74 21 100 3300 150 20 NA NA NA 
Replicate 2 0 14 0 3000 200 10 NA NA NA 
Replicate 3 16 17 0 2850 190 17 NA NA NA 
ISCO NA NA NA 4350 195 NA 1300 370 NA 
          
Water (CFU/100mL) After Disturbance 
Replicate 1 45 650 110 NA 270 81 2100 110 100 
Replicate 2 47 1350 0 NA 200 39 2500 NA 30 
Replicate 3 86 1310 0 NA 330 25 1900 NA 20 
          
Streambed (CFU/g dry weight) 
Replicate 1 24 149000 8200 23000 7700 2000 11000 8000 3600 
Replicate 2 10 240000 3800 14000 3200 440 10000 4500 1800 
Replicate 3 21 360000 1200 16000 3400 100 7000 6700 2900 
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Measure growth kinetics, survival, and re-growth of E. coli in stream bed 
sediments under different environmental conditions 
 
Similar to efforts undertaken to quantify growth, survival and re-growth of E. coli in water and soil, these 
same kinetic factors were evaluated for E. coli in stream bed sediments.  
 
Materials and Methods 
The materials and methods utilized in this evaluation were similar to those used in evaluating growth, 
survival and re-growth in soil and water. Individual sediment samples were exposed to temperatures of 
0°C, 10°C, 20°C and 30°C and held constant at those temperatures for 168 h. Samples were collected 
from each sediment sample at 1, 24, 72, 120 and 168 h. Using the Byappanahalli et al. (2003) to extract 
E. coli from feces, E. coli were extracted from these sediment samples and then enumerated using the 
USEPA 1603 membrane filtration method (USEPA, 2006).  
Results 
In general, E. coli growth in stream bed sediments was higher as the temperature increased. In tropical 
and subtropical conditions stream bed sediments will experience higher temperatures, particularly 
during summer months. E. coli, if deposited in the stream bed, will grow under such conditions. During 
re-growth studies, E. coli growth varied when optimum conditions were re-established. The variability in 
growth and re-growth could be attributed to nutrient availability, predators, E. coli population, and 
other environmental conditions.   
 
 
Table 15. First order rate constant for E. coli concentration in stream bed sediments at different 
temperatures 
 kT (hr
-1) 
 Rep 1 Rep 2 Rep 3 Rep 4 
0°C -0.0017 -0.0023 -0.01 0.003 
10°C 0.021 -0.025 -0.031 -0.019 
25°C 0.034 0.041 0.036 0.064 
35°C 0.028 0.015 0.076 0.085 
 
 
Table 16. First order rate constant for E. coli concentration in stream bed sediments at different 
temperatures during re-growth experiments 
 kT (hr
-1) 
 Rep 1 Rep 2 Rep 3 
25°C 0.052 0.037 0.04 
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35°C -0.013 0.025 0.037 
 
 
 
 
Discussion 
This evaluation was dissimilar to other evaluations conducted in that sediment samples taken directly 
from the stream were incubated at varying temperatures and E. coli’s response to these changing 
temperatures was quantified. In all other evaluations, a sterile environment (autoclaved water or soil) 
was used as a growth medium. In this case, sediment as removed from the stream provided the growth 
medium. As a result, E. coli was subjected to direct competition for resources from other soil biota as 
well as possible predation.  
 
Growth and survival of E. coli isolates in stream bed sediments 
E. coli did not show any growth in three of the microcosms each kept at 0˚C and 10˚C (Table 15). E. coli 
survived and exhibited net growth in stream bed sediments at 25˚C and 35˚C.  This suggests that at 
cooler temperatures, E. coli are not as adept at survival in the environment. However; as is commonly 
the case with bacteria, the general tendency of E. coli to “die-off” under these lower temperatures was 
not ubiquitous. One replication did exhibit slight growth thus exposing the inherent variability of E. coli’s 
behavior.  
 
The trend of considerable variability was somewhat broken at 25˚C and 35˚C.  All replications exhibited 
growth within an order of magnitude (.015 - .085 k(hr-1) thus illustrating the propensity of E. coli to not 
only persist but thrive in elevated temperatures. 
 
 
Re-growth of E. coli in stream bed under “optimum” temperature conditions  
Based on results from the growth and survival of E. coli in stream sediment, 25˚C and 35˚C were used to 
evaluate E. coli re-growth under “optimum” temperature conditions. In general, the kinetic constant for 
E. coli growth showed similar trends during re-growth studies compared to that of growth studies (Table 
15 and Table 16). In re-growth studies, E. coli decayed at 35˚C in one stream bed microcosm while all 
other microcosms exhibited growth (Table 16). These results again reaffirm the inherent variability of E. 
coli response to changing environmental conditions.  
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Summary and Future Recommendations 
E. coli concentrations in feces of different animals evaluated varied widely within and between species. 
Seasonality (summer or winter) also played a significant role in the variability as well. The high variability 
of E. coli in the feces of same species could be attributed to diet, region, sampling time, sex, gender, 
habitat, and management practices. Accurate estimation of E. coli concentration will improve the spatial 
and temporal E. coli load estimations using models. The results from this study emphasize that E. coli 
load estimates to waterbodies in the watershed will be more representative with direct source 
characterization and identification of sources but will still contain an unavoidable level of uncertainty 
simply due to the inter and intra-species variability observed.  
 
Kinetic constants obtained for E. coli isolates from hog, deer, cattle, and raccoon show significant 
variability.  In general, under very cold conditions (0˚C) in water and under very dry conditions (4% 
moisture) in soil, E. coli did not survive. The optimum conditions for E. coli growth and re-growth varied 
from species to species. Overall, the results point out that E. coli can persist in aquatic systems even 
after excreted from animals. As designed, this study evaluated temperature and moisture conditions 
independently. Future work should explore the interaction of different temperatures and moisture 
conditions simultaneously to assess the effect of the environment on survival and growth of E. coli.  
 
Disturbance of stream bed sediments significantly increased the E. coli concentrations in water samples 
collected after the disturbance. This clearly indicates that re-suspension of E. coli from sediments could 
be a significant source of E. coli in streams. It should also be noted that stream bed sediments had 
significantly higher E. coli concentrations compared to water samples. Clearly, stream sediments are a 
source of E. coli during stream bed disturbance. Further work is needed to evaluate the dynamics of E. 
coli populations in stream sediment.  
 
E. coli in stream beds showed growth at 25˚C and 35˚C but not at 0˚C and 10˚C. These results indicate 
that stream sediments could support increasing quantities of E. coli during summer months that could 
be a considerable source of E. coli concentrations in water samples. Despite the decay observed at lower 
temperatures, this does not preclude the potential for sediment to contribute E. coli to the water 
column under lower temperature conditions. Further research is needed to investigate the interplay of 
in stream water conditions with sediment borne E. coli populations.  
 
The data presented from this research is a beginning of cataloging E. coli concentration in wildlife and 
range animal fecal material.  In this study, fecal sample sizes for feral hog, deer, skunk, and armadillo 
were much lower than raccoon and opossum.  Additional fecal samples should be collected and 
analyzed to capture the variability in E. coli concentrations for those species.  Further research should be 
conducted to study the seasonal variability in E. coli concentration in fecal material of meso-mammal 
populations.     
 
Modeling the fate of E. coli in the environment is a complex process. There are many environmental 
controls that can affect the fate of E. coli but only two were considered in this study.  Other 
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environmental controls such as amount of carbon and other nutrients and soil type should be included 
while studying the fate of E. coli.  This study focused on differences in the kinetic characteristics of E. coli 
isolates from cattle, raccoon, feral hog, and deer fecal material.  Differences in kinetic characteristics for 
E. coli isolates from other potential sources’ fecal material, such as other wildlife species and birds 
should also be studied.  Additionally, this study was conducted under controlled laboratory conditions.  
Repetitive studies of the growth rate of E. coli in soil and water will verify the reproducibility of the 
results with higher success.  Further studies should be built upon the understanding of the fate of E. coli 
under controlled conditions, incorporating more variables to better represent field conditions. 
 
From this controlled-demonstration study we can conclude that studying E. coli fate and persistence in 
the terrestrial environment is a challenge and conflicting results are paramount.  This study points out 
the need for future studies on fate of E. coli in soil and water. Effects of nutrients, temperature, and soil 
moisture conditions and their interacting effects should be thoroughly studied. Controlled studies with 
the inclusion of stream bed sediments are inevitable. Artificial streams (channel models) with flowing 
water of varying water chemistry and different stream bed sediments should be used to study the fate 
and transport of E. coli instead of small microcosms used in this study to simulate natural conditions.  
Lessons learned and challenges faced in this study will help carry out the future E. coli fate studies 
better. The wealth of information learned from this study will help the stakeholders understand the 
ubiquitous nature of E. coli in the environment.   
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 APPENDIX A: 
“Occurrence and Fate of E. coli from Various Non-point Sources in a Subtropical 
Watershed” 
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Appendix B: 
“Growth Kinetics of Wildlife E. coli Isolates in Soil and Water” 
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